The copper-transporting ATPase ATP7B is essential for normal distribution of copper in human it binds an ATP analogue AMP-PNP and copper, and undergoes nucleotide-dependent conformational transitions similarly to the wild-type WNDP. Although binding of AMP-PNP is not disrupted by the mutation, the apparent affinity for the nucleotide is decreased by 4-fold. We conclude that His1069 is responsible for proper orientation of ATP in the catalytic site of WNDP prior to ATP-hydrolysis.
Introduction
Copper is a cofactor of important metabolic enzymes that are involved in a variety of physiological processes, such as radical detoxification, oxidative phosphorylation, and iron metabolism. The key role in copper distribution in human cells belongs to copper-transporting ATPases ATP7A and ATP7B (Menkes disease and Wilson's disease proteins, respectively).
These large polytopic membrane proteins utilize the energy of ATP-hydrolysis to transport copper from the cytosol into the lumen of the secretory compartment where copper can be incorporated into various copper-dependent enzymes (1) . When intracellular copper exceeds a certain level, the copper-transporting ATPases traffic to the plasma membrane where they export excess copper out of the cell (2, 3) . Mutations in ATP7A and ATP7B result in disruption of copper transport from the cytosol and to severe pathologies in humans, Menkes disease and Wilson's disease, respectively.
Menkes disease and Wilson's disease proteins (MNKP and WNDP) belong to a family of the Ptype ATPases. The primary structure of MNKP and WNDP include several signature sequences ( Figure 1A ) that are essential for enzymatic activity of all members of this family. The ATPbinding domain of WNDP and MNKP also contains a sequence SEHPL, which is conserved in all ATPases transporting transition metals (the P 1 -type ATPases or CPx-ATPases), but not in other P-type ATPases (Figure 1 ). In the SEHPL sequence, His is an invariant residue ( Figure 1B alignment), suggesting that this amino acid is essential for function or structure of the P 1 -type
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Recent studies have shown that mutations of His1069 to Gln or Ala result in decreased intracellular stability of WNDP and retention of the mutants in the endoplasmic reticulum (5, 6) ; the latter effect can be overcome by lowering the temperature at which the cells are grown (5) .
These results suggested a role for His1069 in folding and stability of WNDP. In contrast, replacement of the equivalent His residue in MNKP, which is 60% homologous to WNDP, does not alter the protein steady-state levels and does not disrupt normal targeting of MNKP to the trans-Golgi network (7) indicating that in MNKP the structural consequences of His replacement are minor. Thus it remains unclear whether His1069 plays an important role in the structural organization of WNDP.
The effect of the His1069Gln substitution on the transport function of WNDP was analyzed by the ability of the mutant protein (i) to complement the growth defects of a ccc2 yeast strain lacking the WNDP homologue Ccc2 (8, 9) and (ii) to decrease the toxic effects of copper on growth of fibroblasts in cell culture (5) . These experiments demonstrated that mutations of His1069 impaired the transport function of WNDP. However, the specific role of this invariant histidine in copper transport by WNDP has not been explained.
To elucidate the functional role of His1069, we substituted His1069 for various amino acid residues and characterized the effects of these mutations on WNDP folding and enzymatic activity. Our experiments indicate that His1069 is important for a specific step in the WNDP catalytic cycle, phosphorylation from ATP, and is not critical for other steps of the enzymatic reaction or for overall protein folding. His1069 appears to control, directly or indirectly, positioning of ATP in the active site of WNDP. T h e o l i g o n u c l e o t i d e s :
CGTCGACGCCTGCCTGAA-3' were used as a forward and reverse flanking primers.
Following PCR, the fragments containing mutations were digested with the ClaI and SalI restriction endonucleases and the ClaI-SalI fragments were exchanged with the corresponding fragment of the wild-type full-length WNDP cDNA cloned into the pFastBacDual-WNDP plasmid. Generation of the pFastBacDual-WNDP plasmid has been described previously (10) .
The presence of the mutations in the final construct and the absence of unwanted mutations were confirmed by automated DNA sequencing.
The generated plasmids were then utilized to produce recombinant baculoviruses; the wild-type (wt) and mutant WNDPs were then expressed using virus-mediated infection of SF9 cells as described previously (10 P into WNDP was analyzed on acidic SDS-PAGE as described (10) .
To determine the effect of ATP and the non-hydrolysable ATP analogue , -Imidoadenosine 5'-triphosphate (AMP-PNP) on phosphorylation of WNDP by 32 P i , 50 µg of membrane preparation containing either wt or mutant WNDP was pre-incubated in P i -buffer with increasing concentrations of the nucleotide (10µM-2mM) for 10 min at room temperature, and then Pimediated phosphorylation was carried out as described above.
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To determine the effect of copper on phosphorylation from P i , wt and mutant WNDPs were incubated at room temperature in P i -buffer containing 100 µM TCEP, 100 µM ascorbate, in the absence or presence of 250 µM of copper chelator bathocuproine disulfonate (BCS) and then phosphorylated by P i as described above. To reverse the effect of the chelator, 135 µM CuCl 2 was added to the WNDP sample preincubated with 250 µM BCS. BCS binds copper with a stoichiometry of 2:1; thus this procedure generates 10 µM free copper in a solution. Following 10 minutes incubation at room temperature, the P i phosphorylation reaction was then carried out as described above.
Generation of the ATP-binding domain mutants and expression of recombinant proteins in E.
coli The expression plasmid pET28b-ATP-BD encoding the ATP-binding domain of WNDP (ATP-BD, amino-acid residues Lys1010-Lys1325) was previously described (11) . To introduce various mutations of His1069 into the recombinant ATP-BD, the Bsu36I-PstI fragments of the mutant full-length WNDP cDNA generated as described above were excised from the pFastBacDual-WNDP plasmid and cloned into the pET28b-ATP-BD plasmid digested with the Bsu36I and PstI restriction endonucleases. Expression in E. coli and purification of mutant ATPBDs were performed according to (11) . Protein expression and purity were verified by SDS-PAGE on 12% Laemmli gels.
Folding of the wild-type and mutant ATP-BDs. The effect of His1069 substitutions on ATP-BD folding was analyzed using intrinsic Trp fluorescence as described in (11) and by circular dichroism spectroscopy (CD). The CD spectra in the region 180-260 nm were recorded in 50 mM NaH 2 PO 4 , 250 mM NaF buffer at protein concentration 0.2 mg/ml using AVIV CD model (17), respectively), as well as electron microscopy structure in E2-state (PDB code 1KJU (18).
Results.
The effect of the His1069 substitution on folding of the ATP-binding domain. As shown in with one of the following amino acid residues: Gln, Ala, and Cys. Analysis of protein folding using CD spectroscopy revealed that overall secondary structure of all mutants is similar to the wt ATP-BD structure ( Figure 2A , Table 1 The disruption of this interaction may expose some protein regions to cellular proteases and thus decrease protein stability.
To determine the effect of His substitution on folding of the full-length WNDP, the Gln, Cys, and Ala substitutions of His1069 were introduced into the full-length WNDP and the mutants were expressed in insect cells using baculovirus-mediated infection of SF9 cells. As shown in Figure 3A , the steady state protein levels were similar for all three mutants and not markedly different from the protein levels of the wt WNDP (approximately 50-70% of the wt). More importantly, we did not observe significant fragmentation of any of the WNDP mutants, suggesting that the expressed proteins are fairly stable ( Figure 3B ). To further evaluate stability of the expressed proteins in vitro, the membrane fractions containing the wt and mutant WNDPs were prepared, subjected to limited tryptic digestion, and the proteolytic resistance of the mutants and wt WNDP was compared. Figure 3B illustrates that the patterns of proteolytic fragments for the wt and mutant WNDPs are very similar. In some experiments we observed a slight difference in relative abundance of the produced fragments between the mutant and wt WNDPs, suggesting that the replacement of His made the contacts between different regions of the protein somewhat more flexible or exposed. There was also a subtle difference in the proteolytic resistance of the three mutants. Consistently, the His1069Ala mutant was less resistant than the His1069Gln and His1069Cys mutants, while the latter mutant appeared to be the most resistant. Overall however, it is clear that the folding of WNDP is not grossly affected by the His1069 mutations. (19) . Catalytically inactive Asp1027Ala mutant of WNDP was used in these experiments as a background control.
As shown in Figure 4A , all three mutants demonstrated markedly reduced phosphorylation activity, which did not exceed that of the inactive Asp1027Ala mutant. Catalytic phosphorylation of the mutants could not be detected even when sensitivity of the assay was increased by raising specific radioactivity of - In the P-type ATPases, phosphorylation from P i takes place when the exported ion is released from the transport site allowing the protein to adopt the E2-conformation. Accordingly, addition of the transported ion to the reaction prevents formation of the E2 state and decreases the Pimediated phosphorylation. This property of the P-type ATPases was used to test whether the His mutations have an effect on the ability of WNDP to bind copper at the site(s) important for catalytic phosphorylation. As shown in Figure 5 , addition of the copper chelator bathocuproine disulfonate (BCS) to the wt WNDP stimulates phosphorylation of WNDP from P i , whereas addition of copper inhibits the phosphorylation reaction in agreement with the predicted properties of WNDP as a P-type ATPase. Importantly, the His1069 mutants behaved in these reactions similarly to the wt WNDP, confirming that the His substitutions do not compromise the ability of mutants to bind copper.
Nucleotide binding properties and conformational transitions of the His1069Cys mutant.
Further studies were carried out with the His1069Cys mutant, which showed close-to-normal phosphorylation from P i and normal response to copper additions, but could not be phosphorylated from ATP. One explanation for this phenotype is that binding of ATP is disrupted by the mutation. Alternatively, the His1069Cys mutant can bind ATP but fails to undergo conformational transitions in response to nucleotide binding. Finally we compared the effects of ATP and AMP-PNP on phosphorylation by 32 P i . ATP is expected to allow enzyme turnover producing additional decrease in 32 P incorporation compared to AMP-PNP. As shown in Figure 6C , addition of ATP to the wt WNDP indeed leads to a larger inhibition of the 32 P i -incorporation than a non-hydrolysable analogue. In the case of the His1069Cys mutant, ATP and AMP-PNP have a similar effect on the P i -mediated phosphorylation, suggesting that ATP binds to the mutant but is not hydrolyzed. Furthermore, even in the E2-state His1069 is only 18Å away from the Asp residues of the GDGVND motif that are known to be close to the -phosphates of the ATP-Mg complex during catalysis (21).
Spatial location of

Discussion.
WNDP has a central role in human copper homeostasis, however the molecular mechanism of the WNDP-mediated copper transport remains poorly understood. Until recently, the functional characterization of this protein has been hindered by the lack of an expression system suitable for biochemical investigations. Recent development of functional expression of WNDP in insect cells (10) opened the door to analysis of the molecular mechanism of WNDP and supplied necessary tools for understanding how disease-causing mutations affect folding, function, and regulation of WNDP.
To provide detailed characterization of the Wilson's disease mutations, in this work we expanded our earlier analysis of the enzymatic properties of WNDP. We demonstrated that WNDP can be phosphorylated in the presence of inorganic phosphate and magnesium and that this reaction is facilitated upon removal of copper by BCS and is inhibited by copper addition. We also found that binding of nucleotides induces conformational changes in WNDP. These properties confirmed that the overall catalytic cycle of WNDP resembles those of a typical P-type ATPase.
The developed tools were then utilized to characterize the role of His1069 in the structure and function of WNDP. The first important result of this work is demonstration that folding of either isolated ATPbinding domain or the full-length WNDP is not significantly altered by mutations of His1069.
These results argue against a significant role of this residue in the overall structure of WNDP and seem to be at odds with recent studies showing decreased intracellular stability of the His1069 mutant. Two considerations may help to reconcile this apparent discrepancy. First, although we observed only slight increase in proteolytic sensitivity of the His1069 mutants compared to the wt WNDP, it seems likely that in a cell even small changes in the folding are sufficient to decrease protein stability over time. Second, in the cellular studies the negative effect of His1069Gln mutation on intracellular localization of WNDP was eliminated at room temperature (5) , suggesting that at temperatures lower than 37 o C the folding of WNDP was sufficient to pass quality control in the endoplasmic reticulum. For our studies, we produce WNDP in the insect To better understand the role of His1069 in ATP-dependent phosphorylation, it is useful to compare the results of our work with recent studies on bacterial homologues of WNDP. The histidine residues equivalent to His1069 have been mutated in two bacterial P 1 -type ATPases, a copper-transporting ATPase CopB (22) , and a Zn,Cd-transporting ATPase ZntA (23) . In CopB, the His>Gln mutation drastically reduced the ATPase activity and decreased phosphorylation from ATP by 80% (22) . In a study of ZntA, introduction of His>Gln mutation also decreased the ATPase activity but less than in the case of CopA (37% of activity remained). The level of phosphorylation from ATP and P i in ZntA mutants was reduced and dephosphorylation was slowed down (23) . In this earlier work, the multiple consequences of the His substitution made it difficult to assign a specific role to the histidine. Nevertheless, these studies are very helpful.
Together with our results, they indicate that His strongly affects the environment in close proximity to the phosphorylated Asp, but is not essential for the chemistry of ATP hydrolysis, suggesting that the presence of a residue, which can form a hydrogen bond is tolerated better than the presence of the small and neutral Ala.
In summary, we characterized the role of the invariant His1069 in the structure and function of WNDP. We conclude that His1069 is important for catalytic activity of WNDP and is likely to be involved in positioning of ATP prior to transfer of the -phosphate. Since His in the SEHPL motif is an invariant residue in all P 1 -type ATPases, it is plausible that this histidine has a similar role in all these transporters. We also demonstrated that at lower temperatures, the folding of the common Wilson's disease mutant His1069Gln is close to normal, but this improvement of protein folding does not restore catalytic activity of WNDP, an important conclusion for future development of the corrective therapies for Wilson's disease. 
